For the last few decades, formability and weldability of steels have been intensively investigated to increase the productivity and the safety in automotive companies. Recently, steel which has both high ductility and high tensile strength is required to reduce vehicle weight. Twin induced plasticity (TWIP) steel has high tensile strength as well as improved ductility and is applicable to automobiles. Since, TWIP steel is an austenitic alloy which contains high content of Mn, it would have different resistance spot welding characteristics comparing with dual phase (DP) steel. In this work, TWIP steel, the newly developed steel, was introduced. To identify the resistance spot welding characteristics of 1 GPa grade TWIP steel, the experiments for both DP and TWIP steels were conducted. Resistance and power signals were measured to analyze the welding characteristics. The suitable welding ranges were also obtained with the lobe diagrams for these steels. In order to analyze the weld, shear tension and hardness tests, and a microstructure analysis were conducted. Both steels show a different microstructure in base metal, heat affected zone, and nugget. Because of the different microstructures between the two steels, the two steels showed different hardness distribution and tensile shear strength in the weld. Also, the differences in dynamic resistance signal, welding power signal, and welding heat input are shown between the two steels. These distinctions in microstructure and welding process characteristics caused the difference in suitable welding range. As well, this study provides guidelines to the application of DP and TWIP steels in resistance spot welding for vehicle manufacturing process.
Introduction
With a socially increased interest in environmental pollution due to an increase of global warming, the U.S and EU countries are strengthening environmental regulations such as fuel efficiency improvement, reduction of pollutant emission through the Cooperative Average Fuel Economy (CAFE) bill. 1) Consequently, the importance of vehicle weight reduction, which is directly connected to CO 2 exhaust and fuel efficiency, is on the rise. Lightweight vehicle technology is known as the core technology for developing green automobiles. Therefore, the automobile industry is focusing on lightweight vehicles through diversified manufacturing technology advancements such as the optimization of car body structure and the development of new welding and joining technology. Also, the technology to reduce vehicle weight by expanding the use of lightweight metals such as high strength steel, aluminum alloy, and magnesium in car bodies has also attracted attention. In the case of steel sheets for automobiles, both high strength and formability are required, however, if the strength of a material increases, formability generally decreases, and vice versa. To solve this problem, high strength steels with excellent formability are under intensive development. High strength steels such as, ferrite-martensite dual phase (DP) steel and the multiphase transformation induced plasticity (TRIP) steel were already developed. These DP and TRIP steels maintain 1525% range of elongation, while satisfying a 6001000 MPa range of ultimate tensile strength (UTS).
2) To meet the needs for more improved formability, the scope of the study was extended to steels composed of a high alloy austenitic steel. As a result, twin induced plasticity (TWIP) steel showing 60% of elongation over tensile strength 800 MPa of high strength was developed. 3, 4) The resistance spot welding process is the most important joining process in the sheet metal fabrication industry. Usually, to produce one vehicle, it requires approximately 30005000 points of resistance spot welding, which comprises most of the car body joining process. 5) To apply high strength steels such as TWIP steel, DP steel and TRIP steel to a car body, the characteristics of resistance spot welding for these steels should be established. Especially, studies on the resistance spot welding characteristics of TWIP steel are still not well established and therefore, research on the characteristics of resistance spot welding of TWIP steel is necessary.
In earlier studies, Khan analyzed the microstructure and mechanical properties of DP steel and TRIP steel, 6) and Tumuluru conducted a tension test for DP590, DP780, DP980 steels and identified the welding characteristics of DP steel through hardness and microstructure analysis. 7) Na studied the correlation between the hardness and the microstructure of 1 GPa grade DP steel in the spot welded joints. 8) Saha conducted the shear and cross tension tests of 1 GPa grade TWIP980, with respect to the spot welded joints, and analyzed the metallurgy of the welds. 9) These studies were focused on metallurgical property and mechanical property with respect to the spot welded joints of 1 GPa grade DP steel and TWIP steel. However, from the resistance spot welding process point of view, the research is lacking concerning the application of these steels to automobile manufacturing.
This paper identified the resistance spot welding characteristics of TWIP980 as the basic study to apply to automobiles. To identify the characteristics more clearly, a comparative experiment of 1 GPa grade DP steel with the same thickness was carried out. To analyze the characteristics of the welding process, the resistance signal and power signal were measured and analyzed. Also, to examine the mechanical properties of the weld, a tensile shear test and hardness test were conducted. Additionally, through the lobe diagram, which is the basic welding schedule of resistance spot welding process, a suitable welding range was developed. To figure out the material property of the weld, metallographic testing and a microstructure inspection for the weld were carried out. Finally, the resistance spot welding characteristic of TWIP980 was established through the metallurgical, mechanical analysis and the welding signal analysis.
Experimental Procedure
The experiment used uncoated cold rolled 980 MPa grade TWIP steel (TWIP980) sheet with 1.4 mm of thickness as the test material. To investigate the welding characteristics of TWIP steel, uncoated cold rolled 980 MPa grade DP steel (DP980) sheet with 1.4 mm thickness was used for the comparative experiment. The welding experiments were conducted on two sheets of the same type of steel, DP and TWIP steel, and each chemical composition is shown in Table 1 . The minor alloying elements for the DP980 are 0.5 mass% Cr, 0.05 mass% Mo, 0.1 mass% Ni, 0.1 mass% Cu and 0.01 mass% V. The TWIP980 contains 1.5 mass% Al for the minor alloying element.
Spot welding was performed using a 77.6 kVA DC pedestal type resistance spot welding system (HW2000, Harms & Wende Company). The welding experiment was conducted using a dome type RWMA Class 2 electrode with a 6 mm face diameter. Unused clean electrodes were used to reduce the effect of electrode wear. After fixing the electrode force as 3 kN, the experiments were conducted by changing the welding time and current. The detailed welding conditions of the experiment are shown in Table 2 . Figure 1 shows the specimen dimensions for shear testing resistance spot welded joints. The shear tension tests were carried out on the procedure outline of ISO14273. 10) Additional details on the testing methodology can be found in Ref. 10 ). The shear tension tests were performed with the speed of 10 mm/min with a universal testing machine.
To calculate welding power and dynamic resistance during the welding process, the welding current and voltage were measured with a monitoring system as shown in Fig. 2 . The welding current was indirectly measured by using a Rogowski coil (DC flex, PEM Corporation) which can measure up to 40 kA. The welding voltage was measured by attaching clips at both ends of electrode tips. By using an analog-to-digital converter (ADC), analog welding current and voltage were measured simultaneously with a rate of 50,000 samples per second for each channel. An ADC, NI9229 (National Instruments Corporation), which is a 24 bit ADC isolated between channels, was used. Since control frequency of an inverter DC resistance spot welding machine used was 1 kHz and the sampling rate was 50 kHz, 25 data per 0.5 ms were used for resistance and power calculation. Digitized voltage and current in root mean square (RMS) value were calculated every 0.5 ms. Finally, dynamic resistance and welding power were calculated with eq. (1) and eq. (2) .
rðtÞ ¼ vðtÞ=iðtÞ ð 1Þ
pðtÞ ¼ vðtÞ Â iðtÞ ð 2Þ
where, i(t) is the RMS value of welding current, v(t) is the RMS value of welding voltage, r(t) is resistance and p(t) is welding power.
11)
To observe the cross sectional area of the weld, the electrode force was set as 3 kN and welding time as 350 ms. The welding current was used as the highest value without expulsion for DP980 and TWIP980 steel. Specimens for metallographic examination were prepared using a standard metallography procedure. Microstructures were examined by using an optical microscope. It is necessary to obtain the hardness of base metal (BM), heat affected zone (HAZ) and nugget to understand the microstructure change after welding. Hardness was measured along the diagonal traverse across the weld base metal of the top workpiece to the base metal of the bottom workpiece, as shown in Fig. 3 . A 100 g load was used for all indentations which were made at 0.2 mm spacing using a microhardness tester.
Results and Discussion

Lobe diagram
A lobe diagram was used to indicate the suitable welding conditions and weldability for resistance spot welding. The three main factors of resistance spot welding process are electrode force, welding current and welding time. To simplify into two dimensional diagrams, one parameter is fixed. In general, the lobe diagram composed of welding current-time with a fixing electrode force is used. The lower boundary of the lobe diagram is determined based on tensile shear strength or nugget diameter. If a nugget diameter is used as a criterion, it is set based on 4 ffiffi t p ³ 5 ffiffi t p , where t is steel sheet thickness. In the case of tensile shear strength, it is set as an acceptable tensile strength defined by welding standards. Also, the upper boundary of the lobe diagram is determined by whether expulsion occurs or not. 13) In this paper, electrode force was fixed to 3 kN and for the lower boundary of lobe diagram, the acceptable tensile strength was used. The upper boundary was dependent on whether expulsion occurs or not. The acceptable tensile strength was set as 11091 N. 14) Vertical axis of the lobe diagram indicates the welding time, and the horizontal axis indicates the welding current. Tensile shear strength and fracture mode during the shear tension test of the welding conditions were shown, respectively. The units of tensile shear strength are N. Also the interfacial fracture is indicated as (I) and (P) for the pull-out fracture in Fig. 4 . Interfacial fracture is the fracture by crack propagation through the weld nugget. Pull-out fracture occurs around the weld nugget, so it leaves the button in one sheet and circular hole on the other sheet. Generally, an interfacial fracture occurs in a smaller weld, and a pull-out fracture in a larger weld. In case of pull-out fractures, tensile strength, load carrying and energy absorption capacity are higher contrary to interfacial fractures. Therefore, an interfacial fracture is considered unsatisfactory welding quality and is avoiding its occurrence in some industry standards. 12 ) Figure 4 shows the lobe diagrams of DP980 and TWIP980. The white range in this diagram represents the welding conditions where tensile shear strength is insufficient, the gray area is the suitable welding conditions and the dark area for the welding conditions judged as defective welding by expulsion. While the suitable currents range for DP980 (Fig. 4(a) ) was between 4.0 and 7.5 kA. However, the suitable current range for TWIP980 (Fig. 4(b) ) was 4.0 and 5.0 kA. Since, the resistivity of the BM increased due to higher contents of alloying elements, Mn and C of TWIP980, the suitable welding current range of TWIP980 is lower than that of DP980. Also, compared to DP980, a relatively narrow suitable welding range was found for TWIP980. Furthermore, the tensile shear strength of DP980 is remarkably higher than that of TWIP980. In the case of fracture mode, interfacial fracture occurs in the entire welding conditions for TWIP980. For the DP980, pull-out fracture occurs around the welding conditions where expulsion occurs with the high heat input, and the rest of the welding conditions show the interfacial fracture.
15) Figure 5 shows the cross section of a weld with insufficient strength, an adequate weld, and a weld when expulsion occurred, and the sheet-to-sheet interfacial when expulsion occurred. As shown in Fig. 5(a) and Fig. 5(b) , the weld sizes with insufficient strength of both DP980 and TWIP980 are smaller than that of an adequate weld, and, because of the smaller weld, tensile shear strength reduces. Adequate welds have a nugget diameter over 4 ffiffi t p ³ 5 ffiffi t p and satisfactory tensile shear strength. Expulsion occurs due to excessive welding heat input. And since, the molten metal expels to the outside of the weld, when expulsion occurs, the weld generally has a deeper indentation and larger nugget diameter than those of the adequate weld. In the case when expulsion occurs, molten metal expelling out of weld was observed around the weld, and Fig. 5(c) shows the expelled molten metal at the sheet-to-sheet interface. Generally, when expulsion occurs, additional problems can be encountered such as, reduction of failure energy, 16) additional process to handle the expelled molten metal, and deterioration of working environment. Especially, the expulsion causes wide variation in tensile shear strength, and in case of the TWIP steel, the tensile shear strength tends to reduce in this work.
Microstructure analysis
To identify the changes for both DP980 and TWIP980 after welding, the microstructure was observed. Figure 6 shows the microstructure of (a) DP980 and (b) TWIP980 of BM, HAZ and nugget (i.e., fusion zone). In the case of DP980, because of the rapid cooling of a water-cooled electrode, martensite is mainly observed in the nugget. In HAZ and BM, a mixed structure of ferrite and martensite is observed.
On the contrary, in the case of TWIP steel, since the content of Mn and C, which are austenite stabilizing elements, are high, only an austenite phase exists in a BM, HAZ and nugget. This means that the phase does not change before and after welding in the weld of TWIP980. Also, because the grain coarsening occurs in HAZ by the high heat input to weld, the grain of HAZ can be verified to be much bigger than that of BM. These differences in microstructure Fig. 3 Cross-sectioned weld and hardness traverse. 13) of the weld between the two steels affect the mechanical properties such as tensile shear strength and hardness distribution, and the electrical conductivity. Finally, these differences are considered to be the cause of differences in the resistance spot welding characteristics between the two. The mechanical and electrical properties of the both steels are described in the following sections. Figure 7 shows the distribution of Vickers hardness of DP980 and TWIP980. By applying 100 g of load diagonally from the lower left to upper right of test samples and measuring hardness at 0.2 mm intervals, hardness distribution of nugget, HAZ and BM was measured. 17) In the case of DP980, hardness of a nugget is approximately 450 Hv and appeared to be significantly higher than the BM, 350 Hv. Also, the softening phenomenon was observed. The hardness of HAZ (approximately distance 4 mm and 10 mm) is lower than that of a nugget and BM.
Hardness distribution and tensile shear strength of weld
18) DP980 has the highest hardness, because the microstructure of the nugget is almost martensite, as shown in Fig. 6(a) . However, since the BM is ferrite matrix containing martensite second phase, it shows the lower hardness than that of the nugget. Also, HAZ is consisted of mixed structure of ferrite and martensite, and softening is observed. In the case of TWIP980, hardness shows almost the same value in BM, HAZ and nugget, approximately 290330 Hv, because the microstructures are same as the austenite, as shown in Fig. 6(b) . Lastly, in Fig. 7 , around the distance 5 and 9 mm, where about 3040 Hv hardness reductions occurs, are the HAZs, and these are consider to be caused by the grain coarsening.
In the weldability evaluation of spot welded joints, tensile shear strength is an important parameter which assesses the quality of spot-welded joints. Figure 8 shows tensile shear strength according to the nugget diameter of DP980 and TWIP980. By investigating 22 samples of DP980 and 20 samples of TWIP980, respectively, the data was obtained.
The result of both steels regression analysis revealed that the nugget diameter and tensile shear strength has a linear relationship. Linear regression equations and coefficients of determinations are indicated in Fig. 8 , and the coefficients of determinations are 0.89 and 0.97, respectively. Therefore, it can be said that the linear regression model expresses the tendency well. As a result, Fig. 8 shows two results. First, in the nugget diameter range of 37 mm, and the tensile shear strength of two steel welds increases as the nugget diameter increases. 19) Second, in case of the same nugget diameter, tensile shear strength of DP980 is approximately 1.6 times higher than that of TWIP980. This result accords with the result in Fig. 7 , that hardness value at nugget of DP980 (approximately 450 Hv) is approximately 1.6 times higher than hardness value at nugget of TWIP980 (approximately 290 Hv). The hardness is generally proportional to the tensile Characteristics of Resistance Spot Welding for 1 GPa Grade Twin Induced Plasticity Steelshear strength. 20, 21) Therefore, the difference in microstructures of the welds between the two steels causes the different hardness distribution at the welds, and these differences in the hardness distribution causes the different tensile shear strength between the two. As shown in Fig. 8 , the minimum value of nugget diameter which satisfies the acceptable tensile shear strength for DP980 is approximately 3.54.0 mm and for TWIP980 is approximately 4.55.0 mm, respectively. Therefore, since the larger weld is required to secure the acceptable tensile shear strength in case of TWIP980 than the DP980, it is considered to limit the expansion of the lower lobe boundary to the low current range as shown in Fig. 4 . Also, since the microstructures of weld between DP steel and TWIP steel are completely different, it is considered to be better to choose the acceptable strength rather than the button size or the nugget size as a standard for the lower boundary of the suitable welding range (i.e., lobe diagram).
Analysis of welding signal
Resistance spot welding is a joining process using Joule heat which is generated when the current is applied to the workpieces between the electrodes. The general equation of heat generated in weld can be expressed as:
where Q is heat, © is welding thermal efficiency, i(t) is welding current, r(t) is electrical resistance of the weld and t is the time welding current is allowed to flow in the weld. 22) As in eq. (3), heat Q is the function of i(t), r(t) and t. And t is a variable that can be controlled. However, resistance r(t) is a variable that cannot be controlled, because it is determined by the materials. Since resistance varies with time, it is also called dynamic resistance and is one of the most important variables in the welding process. The typical dynamic resistances for DP980 and TWIP980 are shown in Fig. 9 . The current conditions used in 5 experiments were 7.0 kA (DP980) and 4.5 kA (TWIP980) at 3 kN force without expulsion.
As shown in Fig. 9 , the dynamic resistance level of TWIP980 is significantly higher than that of DP980. This result is caused by the higher resistivity of TWIP980 than that of DP980, which is based on microstructure of TWIP980, austenite. In other words, austenite, which composes TWIP980 steel, is a non-magnetic material and the electrical resistivity is higher than the other microstructures. Therefore, the dynamic resistance of the TWIP980 is higher than that of DP980. Due to the high resistance of TWIP980, a suitable welding range of TWIP980 is created in a relatively lower current range than that of DP980, as shown in Fig. 4 . Also, while ¡-peak (initial downward concave part) and ¢-peak (first upper convex part) are observed in DP980, TWIP980 has the resistance profile characteristic of a smooth form with no peaks. Since the dynamic resistance of TWIP980 does not increase sufficiently to form ¢-peak, ¡-peak and ¢-peak cannot be observed. Generally, ¢-peak occurs when the increase in the resistance by the increasing temperature effect of weld is higher than the decrease in the resistance by the increase in contact area of sheet-to-sheet interface. 23) However, in TWIP980, it is estimated that the decrease in the resistance by the increase in contact area of sheet-to-sheet interface is higher than the increase in the resistance by the increasing temperature effect of weld. Therefore, ¢-peak does not occur in TWIP980. In the other welding conditions (different electrode force, current, and electrode wear), very small ¢-peaks are observable, but negligible. To understand clearly about the dynamic resistance of TWIP980, a methodical study is required. Figure 10 shows power profile when expulsion does not occur under the electrode force of 3 kN. The current conditions were 7.0 kA (DP980) and 4.5 kA (TWIP980), which are just before the expulsion occurs. For reliability, experiments were repeated 5 times. Transforming eq. (3) by using a power term, it can be expressed as eq. (4).
where, v(t) is welding voltage and p(t) is welding power. From eq. (4), it can be seen that the entire area described under the power curve of Fig. 10 represents welding heat applied to the weld. Therefore, the maximum welding heat input of TWIP980 is much smaller than DP980. Hence, the maximum nugget size of DP980 is greater than that of TWIP980. Nugget size and welding heat input with 300 ms of welding time are indicated in Table 3 and shown in Fig. 11 , respectively. As indicated in Table 3 , the maximum heat input for DP980 (2437 J) is greater than that for TWIP980 (1578 J). Since the heat input generally influences the nugget size, the nugget diameter of DP980 is larger than that of TWIP980. Figure 12 illustrates the power profiles in 7.5 kA (DP980) and 5.0 kA (TWIP980), which are the minimum current conditions where expulsion occurs. In Fig. 12 , the power rapidly declines when an expulsion occurred and this is because the molten metal expelled by excessive heat input to weld. In the case of TWIP980, expulsion occurred when Joule heat is lower, compared to DP980. In the welding process of TWIP980, welding heat that creates the weld cannot be applied sufficiently. Therefore, a significant size of nugget cannot be secured (generally, nugget size is proportional to tensile shear strength). In conclusion, because the welding heat input for TWIP980 without expulsion is remarkably lower than that of DP980, it has limitations to expand the upper lobe boundary to the high current range as the lobe diagram shown in Fig. 4 .
Conclusion
This paper conducted a comparative experiment of 1 GPa grade TWIP steel with 1 GPa grade DP steel to analyze the characteristics of resistance spot welding. For the basic weldability evaluation, shear tension tests of both steels were performed, and suitable welding ranges are created. Through the metallurgical analysis and hardness test of the weld, characteristics of the weld were investigated. Also, the welding signal was analyzed in the resistance spot welding process point of view. Conclusions of resistance spot welding characteristic of 1 GPa TWIP steel and DP steel are as follows:
(1) In the case of TWIP980 steel, only an austenite phase exists in BM, HAZ and nugget. On the contrary, in the case of DP980, martensite is mainly observed in the nugget and a mixed microstructure of ferrite and martensite is present in HAZ and BM. (2) Due to the difference in microstructure between the two steels, hardness of HAZ and nugget of DP980 steel are larger than that of TWIP980 steel. (3) Under equal nugget diameter, tensile shear strength of DP980 is approximately 1.6 times larger than that of TWIP980, because of the difference in microstructure and hardness distribution. Therefore, it is considered to have limitations to expand the lower boundary to the lower current range, because TWIP980 requires a larger size of weld than that of DP980 to secure the acceptable tensile shear strength. (4) Through the result of welding signal analysis, because the maximum heat input of TWIP980 without expulsion is remarkably lower than that of DP980, it has limitations to expand the upper boundary to the high current range. (5) Due to the two limitations above, it is considered that the suitable welding range of TWIP980 is certainly narrowed compared with DP980. Characteristics of Resistance Spot Welding for 1 GPa Grade Twin Induced Plasticity Steel
